The optical bistability in saturable absorber-based single-frequency Brillouin fiber laser (BFL) has been experimentally investigated. A Sagnac fiber loop with unpumped erbium-doped fiber (EDF) is embedded in the BFL cavity as a saturable absorber (SA). This component serves as both an auto-tracking narrowband dynamic grating to guarantee single-longitudinal-mode (SLM) operation, and an intensity-dependent loss switch leading to the bistable behavior. The feature of the intensity-dependent loss is well verified and characterized. A bistable region is found as large as 418.8 mW in the laser with the Brillouin gain media of 50 m single mode fiber. Furthermore, the flexible tunability of bistable region can be implemented by designing the unpumped EDF length and the Brillouin gain media with a proper fiber length or fiber type.
INTRODUCTION
The optical bistability generally occurs in the devices with an optical feedback loop, which should be comprised of saturable absorbing or nonlinear materials. It has been carried out in a great deal of systems with nonlinear optical properties such as the silicon chip [1] , photonic crystal microresonator [2, 3] , Fabry-Perot resonator [4] , and erbium-doped fiber laser (EDFL) [5] [6] [7] [8] [9] [10] . Of them, a tunable bistable system with a large region is of great importance in a number of applications such as logic functions, optical switch, and memory [11] . During the past decades, EDFL provided a common platform to generate the optical bistability, in which the bistable region could be tunable by adjusting the cavity loss and the EDF length [8, 10] . However, the maximum bistable region in EDFL is still limited within 150 mW [8] . More recent researches have reported that soft matter such as the nanosuspension can also be utilized to generate tunable optical bistability. However, the bistable region is moderate and not naturally compatible with a fiber-optic system [12, 13] . Additionally, there is no literature discussing a clear strategy to achieve a rather flexible tunability of the large-region bistable fiber-optic system.
A single-longitudinal-mode (SLM) fiber laser has drawn much attention owing to its wide practical applications in fiberoptic sensing and wavelength division multiplexing systems. Previous works have demonstrated that the SLM operation of the fiber laser can be achieved by a saturable absorber (SA) based on unpumped EDF [14] [15] [16] [17] . In this type of SA, a transient Bragg grating by the standing-wave saturation effect is generated in the unpumped EDF, leading to auto-tracking linewidth narrowing [15] . By replacing a physical mirror, the SA with unpumped EDF has been utilized to simplify the laser structure and guarantee the SLM status [18] . Moreover, Brillouin fiber laser (BFL) exhibits an excellent performance on SLM operation and high optical signal-to-noise ratio [19] , offering potential applications in laser linewidth narrowing, microwave frequency generation, and inertial rotation sensing [20] [21] [22] . Nevertheless, a bistable optical system based on the BFLs has not been reported or well investigated.
In this paper, we report the first observation of optical bistability in an SA-based single-frequency BFL. The intensitydependent loss of the SA fiber loop containing unpumped EDF is verified and characterized. Such an SA loop is embedded into a BFL cavity to act as a loss switch. It essentially leads to a bistability on the pump threshold power for laser generation switch-on and switch-off. Besides, a narrowband dynamic Bragg grating (DBG) is generated by a standing wave in the EDF to effectively suppress the multiple longitudinal mode (MLM) operation. Consequently, the output Stokes laser shows the SLM operation in the long-cavity BFL. The largest bistable region can be found as 418.8 mW in the BFL with a 50 m single mode fiber (SMF) as the Brillouin gain media. In terms of the operating wavelength and the bistable region, the feasibility of a tunable bistable BFL laser is validated. The bistable region ranges widely from dozens of milliwatts to hundreds of milliwatts over the C-band window by designing the Brillouin gain media and the unpumped EDF length. This scheme exhibits a rather flexible tunability of optical bistability in the fiber-optic system, indicating promising applications in fiber communication and optical sensing.
OPERATION MECHANISM
The key element to generating the bistable single frequency BFL is an SA fiber loop. It consists of a circulator (CIR), a 50∶50 optical coupler (OC), two polarization controllers (PCs), and an unpumped EDF, as illustrated in Fig. 1 . The incident light is split into two counter-propagating waves inside the EDF. A periodical distribution of the light intensity occurs by the standing wave along the EDF [18] . Consequently, the periodical absorption variation induces spatial periodical variation of refraction index [23] or absorption coefficient [24] . Finally, a DBG can be formed inside the EDF.
The coupling coefficient of the generated DBG is related to the light intensity. As depicted in Fig. 2 , the optical loss of the SA fiber loop with 3 m∕8 m unpumped EDF is measured by varying the input power at the wavelength of 1550 nm. Initially, the incident light needs to overcome the absorption of EDF to generate the DBG. When the input power is as low as 1 mW, the output signal experiences high attenuation of 31.8 dB in the case of 8 m EDF and 19.5 dB for 3 m EDF. No standing wave is formed in the SA. By gradually increasing the incident light power, the induced DBG highly reflects the light, introducing a lower optical loss. The maximum loss reduction of 12.3 and 24.0 dB is observed with 3 m∕8 m EDF, respectively. The minimum loss is ∼7.5 dB which contains the constant insertion loss (∼6 dB) of the circulator and the coupler. Therefore, this DBG exhibits a high reflectivity under the high incident power. Apparently, such an SA exhibits an intensity-dependent loss switch.
The SA used in mode-locked lasers should exhibit shorter response time than the round-trip time in the cavity to generate pulses. However, the response time in the SA of unpumped EDF is given by the relaxation time in Er 3 ions (∼10.5 ms), which is two-three orders longer than the round-trip time in the cavity. In terms of the absorption, such an SA exhibits only an intensitydependent transmission or loss.
It is well known that the threshold of the laser oscillator appears once the gain G compensates the total loss α t in each round-trip in the cavity. Considering a laser with an intra-cavity SA, the lasing threshold can be given by
The cavity loss mainly includes an intensity-dependent SA loss α SA , and a relative constant insertion and output loss α 0 from the other components in the cavity. The intra-cavity SA acts as a loss switch for the laser generation switch-on and switch-off. This leads to different threshold pump power values and bistable behavior [14] .
Stimulated Brillouin scattering (SBS) is a well-known nonlinear effect in optical fiber referring to an interaction between the pump wave and acoustic waves. When the pump light propagates in optical fiber, the Stokes light is backward generated and amplified with a downshifted frequency Ω B . The small-signal peak Brillouin gain (in decibel scale) at the end of fibers can be expressed by [25] 
where g B is the Brillouin gain factor and L eff and A eff are the effective length and effective mode area of the fibers, respectively. P p is the pump power. ξ is given by 10∕ ln 10, representing the coefficient caused by the transform from the exponential gain in linear scale to the gain in decibel scale. It shows that the non-saturation Brillouin gain is proportional to the pump power. Additionally, different fiber types (determining g B and A eff ) and lengths could give different non-saturation Brillouin gains. The mechanism of this bistable BFL can be generally understood, as illustrated in Fig. 3 . The SA loop acts as an intensitydependent loss switch in the cavity. The cavity loss is high when the laser switches off because of the lower intra-cavity optical power. Thus, the laser oscillation starts at a high threshold power P th_up by initially increasing pump power. Once the laser switches on, the intra-cavity power is highly enhanced, leading to a lower cavity loss. This lowers the threshold power of the laser, and thus P th_down < P th_up . Even if the pump power decreases to be lower than P th_up , the laser can still operate until the Brillouin gain cannot compensate for the total loss. Finally, the laser output exhibits bistable behavior as increasing or decreasing pump power in the range between P th_down and P th_up . The bistable region is determined by the threshold powers P th_down and P th_up , which can be changed with different nonsaturation Brillouin gains. As shown in Fig. 3 , a higher gain could narrow the gap between P th_down and P th_up , leading to a smaller bistable region. Therefore, such a bistable system offers a rather flexible tunability in terms of the bistable region.
A BFL with a short cavity of <10 m exhibits an excellent performance on the SLM operation since the corresponding free spectra range (FSR) is less than the typical Brillouin gain bandwidth (∼20 MHz) in silica fibers [19] . However, a long-cavity BFL usually operates in the multiple-longitudinal mode (MLM) status. The utilization of the SA fiber loop provides an effective way to generate an SLM fiber laser [26, 27] . By embedding the SA fiber loop, the long-cavity SLM BFL can be realized through the DBG induced in the unpumped EDF. This DBG can be used as an auto-tracking narrowband filter. Its full width at half-maximum (FWHM) can be expressed as [26] Δf c λ κ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Δn
where c is the light speed in vacuum, λ is the central wavelength of the DBG, n 0 is effective refraction index of the EDF, Δn is the index change, and L g is the DBG length. The coupling coefficient κ of the induced DBG can be found as
A longer EDF is beneficial to a narrowband DBG, even though it introduces more attenuation. Owing to the narrowband operation, such a DBG could highly suppress MLM generation [18] . It indicates that the proposed bistable BFL can also well operate with an SLM status.
EXPERIMENTAL SETUP AND RESULTS
The experimental setup for the creation of optical bistability in an SA-based BFL is shown in Fig. 4 . The incident light from a distributed feedback (DFB) laser (1550 nm) is amplified by an erbium-doped fiber amplifier (EDFA). A bandpass filter (BPF) is used to suppress the ASE of the EDFA. Then, the Brillouin pump is launched into the fiber ring cavity, which consists of a circulator, an SBS gain media, a 10/90 optical coupler (OC), and an SA-based element. The SA fiber loop with unpumped EDF is embedded in the cavity to play roles of an intensitydependent loss switch and auto-tracking narrowband filter. The circulator also acts as an isolator to block the pump light and to ensure the EDF unpumped. The state of polarization of the light could be adjusted by PCs in the fiber loop. The output pump and lasing Stokes are extracted by the OC and detected by an optical power meter. An optical spectrum analyzer (OSA) (Yokogawa AQ6370C) and an electrical spectrum analyzer (ESA) (Agilent E4407B) are also utilized to monitor the output laser through a 1 GHz photo-detector (New Focus 1611).
Serving as the SBS media, a piece of 50 m SMF (Corning's SMF-28e+ fiber with the attenuation of 0.20 dB∕km and the core diameter of 8.2 μm) is embedded in the fiber cavity. The peak Brillouin gain g B can be found as 5 × 10 −11 m∕W. The Brillouin wavelength shift is measured as 0.086 nm at a 0.002 nm resolution of the OSA. Figure 5 depicts the powers of an output pump and Stokes as a function of the input pump power. It can be clearly seen that output pump and Stokes exhibit strong hysteresis loops to the input pump power. As the input pump power increases from 223 to 752 mW, no Stokes laser appears and the output pump is linearly proportional to the input power. As the input pump 
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power is as strong as 840 mW, the Brillouin gain is high enough to compensate the large cavity loss under the laser switch-off. The lasing Stokes power abruptly goes up to 24.9 mW, while the output pump drops to 8.1 mW because of the energy transfer during the SBS generation. Correspondingly, the enhanced intra-cavity lasing power reduces the cavity loss, leading to a lower threshold pump power P th_down . By decreasing the pump power, the laser oscillates until the pump power goes down to 378.0 mW. A large bistable region of 419.0 mW is observed. In this implementation, an 8 m unpumped EDF with Er 3 doping concentration of 400 ppm is utilized to create the DBG. The RF spectra of the output Stokes laser are measured at the same power of 10 mW in the bistable region with and without the SA element. As depicted in Fig. 6 , periodical beat signals with a spectral space of 3.8 MHz are obtained without SA. The FSR of the fiber cavity is less than the natural Brillouin gain bandwidth of ∼20 MHz. However, the output laser with the SA fiber loop is detected without any serious beat signals at the same 10 mW output power. The utilization of the SA basically guarantees the SLM operation of lasing Stokes in the bistable region of the long-cavity BFL.
In accordance with the above-mentioned model, the SA loop introduces different threshold powers and bistable behavior in the BFL. Meanwhile, the generated DBG inside the EDF maintains the SLM operation. The bistable region could be tuned by properly designing the Brillouin gain media, which gives different non-saturation gains. To verify the tunability, different fiber lengths and fiber types are employed to serve as Brillouin gain media in an SA-based BFL. Figure 7 shows the comparison of bistable regions in BFLs with different lengths of SMFs as the Brillouin gain media. According to Eq. (2), the non-saturation Brillouin gain is proportional to the effective fiber length. Thus, longer length fibers can lower both threshold powers, P th_up and P th_down , of the bistable BFL. Meanwhile, the BFLs with 500/3000 m SMF provide smaller bistable regions than that with 50 m SMF. The hysteresis loop in the SA-BFL with 500 m SMF appears under the input power from 91.0 to 364.3 mW. A smaller bistable region of 13.2 mW is observed in BFL with 3000 m SMF in the range of 20.4 to 33.6 mW. Note that the output power in a steady state laser is determined mostly by the saturation gain, the cavity loss, and the saturable property of the gain media. In fact, the laser in the steady state always operates in the gain saturation region. However, longer fiber usually results in a lower saturation gain in SBS amplification [28] . Consequently, the BFL with gain media of longer fibers provides lower output power and lower slope efficiency.
Highly nonlinear fibers (HNLFs) have been employed to serve as the Brillouin gain media for the enhancement of SBS [29] . Compared with an SMF, an HNLF has a smaller effective modal area A eff and a larger Brillouin gain coefficient g B , which contribute to the improvement of non-saturation gain. Here, 100 and 500 m HNLFs with a mode field diameter of 4.0 μm and a nonlinear coefficient of 9.1 W −1 are utilized as the Brillouin gain medium. In Fig. 8 , the measured bistable region is given by 101 mW with 100 m HNLF and 30 mW with 500 m HNLF. As expected, the bistable region can also be tuned through the fiber length of the Brillouin gain media in BFL.
Apparently, different fiber lengths and fiber types can provide additional freedom degrees to manipulate the bistable region. Figure 9 illustrates the measured bistable regions versus the length of the gain fiber. The tuning ability on the bistable region can be manipulated by the proper selection of Brillouin gain media in the cavity. Compared with other schemes, the observed bistable region via SA-based BFL can be found with a wide range, covering from a few milliwatts to hundreds of milliwatts.
The bistable region in SA-based BFL also can be tuned by changing the length of unpumped EDFs in the SA. Figure 10 shows the laser output of BFLs with 3 m∕8 m EDF. The utilization of 3 m unpumped EDFs reduces both the threshold powers P th_up and P th_down , and thus shifts the bistable region. The measured bistable region with 3 m EDF is 242.5 mW which is lower than that with 8 m EDF. Since the incident light should propagate through the EDF to generate the DBG, a longer EDF introduces larger loss, particularly for the laser switch-off. Therefore, a longer EDF could further optimize the maximum bistable region. Besides, a longer unpumped EDF would contribute to a narrower DBG and ensure the good SLM operation of the BFL, according to Eq. (3).
The temporal dynamics of the BFL output are monitored by a 1 GHz photo-detector and an oscilloscope (R&S RTO 1002). By increasing pump power to 311 mW, there is no laser output in Fig. 11(a) , since the cavity loss is still too high to generate the laser. As the pump power surpasses 355 mW, the laser switches on. The intensity-dependent loss of the SA introduces a relaxation oscillation of the laser output, which is a typical behavior in a laser with the SA [30] . As shown in Figs. 11(b) and 11(c), the damping time is ∼100 μs. Similar results are observed within the bistable region by decreasing the pump power to 179 mW, as shown in Fig. 11(d) .
To know the wavelength dependence of the BFL, the intensity-dependent loss property of the SA loop with different wavelengths is shown in Fig. 12 . In accordance with the absorption spectrum of the EDF, the loss under the same input power decreases as the wavelength varies from 1545 to 1600 nm. In particular, the loss exhibits a sharp drop when the wavelength changes from C-band to L-band, which is in the range of 1565-1570 nm.
We measured the output spectra of the BFL with gain media of 3000 m SMF by adjusting the Brillouin pump wavelength. As shown in Fig. 13 , over 50 nm laser tuning range is observed from 1545 to 1600 nm. The signal-to-noise ratio of the laser output is higher than 50 dB. To verify the stability of the laser operation, we monitored the spectra at the wavelength of Such a BFL offers promising advantages such as a large tunable bistable region, single-frequency operation, and wide-range working wavelength. It is worth mentioning that the bistability could be further optimized in different fashions by changing the cavity loss. Additional approaches could also be found such as optimizing the output ratio of the BFL and changing the length or the concentration of the EDF in the SA loop. This way, optical bistability based on an SA-BFL can also serve at a low power level. It may explore promising biomedical applications since the low-power operation is important to guarantee the nondestructive detection of objects.
We should notice that stable SLM lasing is obtained once the BFL starts to oscillate. The key factor that affects the stability of this BFL is the polarization sensitivity of the DBG in the EDF. The use of a polarization-maintained EDF could give a further improvement of the stability [17] .
CONCLUSION
The optical bistability via an SA-based single-frequency BFL has been proposed and experimentally validated. An SA fiber loop with an unpumped EDF is embedded in the BFL to act as an intensity-dependent loss switch and an auto-tracking narrowband filter. In our experiment, a large bistable region can be found as 419 mW in the SA-BFL with 50 m SMF gain media, while the smallest bistable region with 3000 m SMF gain media is 13.2 mW. This scheme exhibits a flexible tunability on the bistable region through properly designing the fiber type or the length of the Brillouin gain media and the length of an unpumped EDF in the SA loop. The feasibility of the tunable bistable SLM BFL indicates promising applications in signal processing, optical logic functions, and so on.
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